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TECHNICAL MEMORANDUM X-53399 

THE LUNAR ATMOSPHERE 

SUMMARY 

An a t tempt  w a s  made t o  synthes ize  the  most probable model of the  
luna r  ambient atmosphere der ived from a v a i l a b l e  r e p o r t s  and p ro fes s iona l  
papers.  Various observat ion methods and t h e i r  r e s u l t s  were reviewed. 
The d i f f e r e n t  t h e o r e t i c a l  approaches t o  the  problems of def in ing  lunar  
atmosphere sources ,  source r a t e s ,  escape mechanisms, and escape rates 
were c r i t i c a l l y  s tud ied .  It was concluded t h a t  t he  lunar  atmosphere i s  
extremely complex, and t h a t  i t s  composition and dens i ty  probably vary  
l o c a l l y  and are  inf luenced by volcanic ,  m e t e o r i t i c ,  and s o l a r  a c t i v i t y .  

The lunar  atmosphere i s  assumed t o  have a d e n s i t y  g r e a t e r  than 
t h e  d e n s i t y  of t h e  i n t e r p l a n e t a r y  medium b u t  l e s s  than of the  
e a r t h ' s  atmosphere a t  sea l eve l .  
probably w i l l  be H2, H 2 0 ,  A r ,  H e ,  K r ,  and X e .  

The major components of t he  atmosphere 

An accura t e  eva lua t ion  of the  lunar  atmosphere must await  the d a t a  
obta ined  from f u t u r e  lunar  missions;  however, a luna r  atmospheric model 
i s  presented  f o r  use as design c r i t e r i a .  

This r e p o r t  w a s  prepared under NASA Contract  NAS8-20082. 

I. INTRODUCTION 

Present  knowledge of the  lunar  atmosphere is l imi ted  t o  estimates 
based on ear th-based o p t i c a l  and r ad io  observa t ions ,  and on t h e o r e t i c a l  
approaches.  From r e c e n t  observat ions,  i t  has been determined t h a t  the  
upper limits of t he  luna r  atmosphere a r e  approximately of the  
terrestrial  atmosphere. Theore t ica l  approaches i n d i c a t e  t h a t  t h i s  f i g -  
u re  may be too  high. 

For most purposes t h i s  tenuous atmosphere would have l i t t l e  e f f e c t  
on l u n a r  missions.  However, there  a r e  a few a r e a s  where d e t a i l e d  know- 
ledge  of t he  atmosphere would be important. A s  noted by bpik [l], even 
a medium as tenuous as t h i s  would inf luence  the  charge of the  lunar  su r -  
face and poss ib ly  the  behavior of lunar  su r face  d u s t  p a r t i c l e s ,  and 
would be s u f f i c i e n t  t o  absorb some s p e c t r a l  l i n e  emissions.  The charac- 
t e r i s t i c s  of t he  lunar  atmosphere a l s o  would be of geologic  i n t e r e s t ,  
because they could r e f l e c t  the weathering and aging processes  present  on 



the  moon. Addi t iona l  a r eas  pointed out  by Green [ 2 ]  were radon and 
argon genera t ion  from c r u s t a l  rocks,  de t ec t ion  of me teo r i t e  f l a s h e s ,  
s i g n i f i c a n c e  of the co lo ra t ion  of c r a t e r  rays ,  and poss ib l e  t r a n s i e n t  
l o c a l  atmospheres of vo lcanic  o r i g i n .  I n  a d d i t i o n ,  knowledge of the  
atmosphere would be of g r e a t  va lue  i n  determining the  o r i g i n  of the  
moon. 

The ob jec t ive  of t h i s  document is  t o  e s t a b l i s h  the most l i k e l y  
lunar  atmospheric model by o b j e c t i v e l y  consider ing a l l  the  hypotheses 
and a v a i l a b l e  f a c t s .  This model should be use fu l  i n  e s t a b l i s h i n g  design 
c r i t e r i a  f o r  fu tu re  lunar  missions.  

11. OPTICAL AND RADIO OBSERVATIONS 

From p r e h i s t o r i c  times the moon has aroused the  c u r i o s i t y  of man, 
bu t  no t  u n t i l  Ga l i l eo  were c r i t i c a l  observa t ions  made. I n  approaching 
the  problem of the  ex is tence  of a lunar  atmosphere, man n a t u r a l l y  com- 
pared i t  wi th  h i s  own t e r r e s t r i a l  environment. It was assumed t h a t  the  
vast ,seemingly smooth a reas  were seas  and t h a t  the  lunar  atmosphere w a s  
s imi l a r  t o  the  e a r t h ' s .  I n  1753, Roger Boscovich ( c i t e d  i n  Ref. 3) con- 
cluded t h a t  the  lunar  atmosphere's d e n s i t y  w a s  e i t h e r  extremely low o r  
nonexis tent .  It w a s  the twent ie th  century be fo re  these  observa t ions  
were d e f i n i t e l y  confirmed (Table 1). 

A. S t e l l a r  Occul ta t ions 

Some of the e a r l y  e f f o r t s  t o  determine the  d e n s i t y  of t he  
lunar  atmosphere were attempted by o p t i c a l  observa t ions  of s te l la r  occul-  
t a t i o n s .  Two e f f e c t s  a r e  noted during a s t e l l a r  occu l t a t ion :  h o r i z o n t a l  
r e f r a c t i o n  and photometric dimming. 

I f  an apprec iab le  amount of atmosphere were p re sen t  on the  
moon, the e f f e c t s  of ho r i zon ta l  r e f r a c t i o n  would be de t ec t ed .  During 
occu l t a t ion ,  the s ta r  would be s h i f t e d  above the  lunar  limb by a n  angle  
equal t o  the angle  of r e f r a c t i o n ,  thus decreas ing  the  du ra t ion  of the  
occul ta t ion .  This would appear ,  when compared wi th  d i r e c t  measurement, 
a s  an apparent  decrease of the  angular  r a d i u s  of the  limb. 
t h i s  phenomenon has not  been observed. Therefore ,  Opik [l] concluded 
t h a t  the upper l i m i t  of observable  h o r i z o n t a l  r e f r a c t i o n  is  n - 1 < 1.62 x 

the  e a r t h ' s .  

To d a t e ,  

which is propor t iona l  t o  a n  atmospheric  d e n s i t y  of < 5.5 x l o e 4  of 

Photometric dimming e f f e c t s  a r e  caused by Rayleigh s c a t t e r i n g  
and ho r i zon ta l  r e f r a c t i o n  func t ioning  as a negat ive  l e n s .  
Opik [l], Rayleigh s c a t t e r i n g  w i l l  Cause on ly  0.1 pe rcen t  t o  be absorbed 

A s  shown by 
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TABLE 1 

LUNAR ATMOSPHERE OBSERVATIONS 

Observation Method 
I Maximum Density 

i n  T e r r e s t r i a l  
A tmos pher es 

Inves t iga to r  (s) I 

Dol l fus  (1952) 

i 

R u s s e l ,  Dugan, and 
Stewart  (1926) 

Fes enkov (1 943) 

r --- - 

Refract ion of s i g n a l s  
from rad io  s t a r  sources  
during lunar  occu l t a t ions  

Twilight Arc 

Lyot & Dollfus  
(1 949) 

2 x 

< 

L i p s k i  (1953) 

Ellsmore & Whit f ie ld  
(1955) 

Costain,  Elsmore ti 
IWhitf ie ld  (1956) 

Elsmore (1957) 

Opik (1962) t----------- 
Hazard (1963) 

I 

Absence of Twil ight  < 10-4 

Surface Brightness  I < 

Photography of t w i l i g h t  
i n  yellow l i g h t ,  w i th  a 
20 cm coronograph 

Photograph of t w i l i g h t  i n  
orange l i g h t ,  wi th  a 20 cm 
coronograph and Savart-  
Lyot s o l a r  iscope 

< 

< 1 0 - ~  

Photography of t w i l i g h t  i n  
green l i g h t ,  w i t h  a 
polar imeter  

Occul ta t ion  of r a d i o  stars 
by the  moon 

< 1 0 - ~  

< 10-l2 

Refract ion of s i g n a l s  from 
r a d i o  s tar  sources  during 
lunar  occu l t a t ions  

2 1 0 - l ~  

3 



w i t h  a pure atmosphere of a dens i ty  < 5.5 x of the  t e r r e s t r i a l  
atmospheric dens i ty .  This va lue  is  undetectable .  He a l s o  noted t h a t  
l i g h t  dimming due t o  ho r i zon ta l  r e f r a c t i o n  is  the  more important of t he  
two causes;  however, even t h i s  method i s  no t  s e n s i t i v e .  Comparing hor i -  
zon ta l  r e f r a c t i o n  and photometric dimming, we s e e  t h a t  h o r i z o n t a l  r e f r a c -  
t i o n  is d e f i n i t e l y  a more s e n s i t i v e  c r i t e r i o n .  

B. Spectroscopic  Methods 

The use of spec t roscopic  a n a l y s i s  f o r  d e t e c t i n g  lunar  atmosphere 
was f i r s t  considered by Jannsen [ 4 ]  i n  1863. Both luminescence spectrum 
and absorp t ion  spectrum methods have been used. Recent s t u d i e s  ( c i t e d  i n  
Ref. 3 ) ,  notably Keyper's search ing  f o r  su lphur  d ioxide  using the  l u m i -  
nescence spectrum method, and Herzberg's and Kozyrev's search ing  t h e  
darker  por t ions  of t h e  moon f o r  emission bands using the  abso rp t ion  
spectrum methods, have f a i l e d  t o  d e t e c t  a lunar  atmosphere. 

C. Brightness and P o l a r i z a t i o n  of Sca t t e red  Light  

Observations of t he  b r igh tness  and p o l a r i z a t i o n  of s c a t t e r e d  
l i g h t  f o r  es t imat ing the d e n s i t y  of t he  luna r  atmosphere a r e  t h e  most 
s e n s i t i v e  of the o p t i c a l  methods. 

Because the  b r igh tness  of t he  luna r  s u r f a c e  would overshadow 
the  s c a t t e r i n g  e f f e c t  of l i g h t  i n  the  tenuous atmosphere, observa t ions  
a r e  made only on the uni l luminated p a r t  of the  moon i n  a n  e f f o r t  t o  
d e t e c t  t he  t w i l i g h t  phenomenon. 

As noted by Russe l l  ( c i t e d  i n  Ref. 3 ) ,  i f  t he  d e n s i t y  of the  
luna r  atmosphere was < of the  t e r r e s t r i a l ,  t h e  t w i l i g h t  phenomenon 
would be o p t i c a l l y  v i s i b l e .  This i l l umina t ion  should be the  g r e a t e s t  
near the  cusps. The ex tens ion  of the cusps i n t o  the  dark  a r e a  of the  
moon is r e fe r r ed  t o  as the  t w i l i g h t  a r c .  
conclusions,  bu t  h i s  observa t ion  f a i l e d  t o  d e t e c t  an  atmosphere. He 
deduced from this f a i l u r e  t h a t  the  atmosphere w a s  less than of 
t he  e a r t h ' s .  

Upik [5] developed R u s s e l l ' s  

To o f f s e t  i n t e r f e r e n c e  caused by e a r t h s h i n e ,  a u r e a l e ,  and 
i n t e r n a l  l i g h t  s c a t t e r i n g  i n  the  te lescope ,  p o l a r i z a t i o n  methods were 
introduced.  I n  1943, Fesenkov ( c i t e d  i n  Ref. 3 ) ,  us ing  a p o l a r i z a t i o n  
method, d i d  no t  d e t e c t  any v a r i a t i o n s  i n  t h e  b r i g h t n e s s  dur ing  observa- 
t i o n s  of the lunar  terminator .  Dol l fus  [ 6 ]  performed ex tens ive  observa- 
t i o n s  from Pic  du Midi using p o l a r i z a t i o n  methods, b u t  was  unsuccessfu l  
i n  de t ec t ing  any t r a c e  of p o l a r i z a t i o n .  Because of t he  accuracy of h i s  
measurements, i t  was poss ib l e  t o  reduce t h e  maximum l i m i t  f o r  t he  d e n s i t y  
of t he  lunar  atmosphere t o  10'' of t he  t e r r e s t r i a l .  

4 
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D. Radio Observations 

Observation of r a d i o  occu l t a t ions  has proven t o  be the  most 
s e n s i t i v e  of the  methods used i n  a t tempting t o  determine the  dens i ty  of 
t h e  lunar  atmosphere. This method i s  based on the  f a c t  t h a t  r a d i o  waves 
from a r a d i o  star during occu l t a t ion  w i l l  be r e f r a c t e d  i n  the  ionized gas 
on the  s u n l i t  s i d e  of t h e  moon. The l eng th  of the  e c l i p s e  is accu ra t e ly  
determined and compared wi th  a ca lcu la ted  va lue .  The e l e c t r o n  d e n s i t y  of 
t h e  lunar  atmosphere w i l l  cause r e f r a c t i o n  of t he  r a d i o  waves, thus 
account ing f o r  any d i f f e rences  between observed and ca l cu la t ed  values .  
From these  d i f f e rences  es t imates  of t he  d e n s i t y  of the  atmosphere can be 
ca l cu la t ed .  

Elsmore and Whi t f ie ld  [ 7 ]  were l eade r s  i n  t h e  use of r a d i o  
o c c u l t a t i o n s  f o r  th is  purpose. I n  1955, using a r a d i o  star 2C 537 of 
Nebular I C  443, they made t h e i r  f i r s t  observat ion.  The r e s u l t s  of t h i s  
observa t ion  l e d  t o  the  conclusion t h a t  the  lunar  atmosphere was 
as dense as t h e  e a r t h ' s .  La ter  observat ions by Costain,  Elsmore, and 
Whi t f ie ld  ( c i t e d  i n  Ref. S ) ,  Elsmore [9], Hazard Mackey and S h i m i n s  [ l o ]  
reduced t h i s  va lue  t o  approximately of the  t e r r e s t r i a l  atmosphere. 

111. LUNAR ATMOSPHERE SOURCES 

With t h e  l imi t ed  knowledge a v a i l a b l e  concerning the  lunar  su r face  
and, i n  gene ra l ,  t he  geology of the moon, only s p e c u l a t i v e  conclusions 
can be made as t o  the  p re sen t  and p a s t  sources  of a luna r  atmosphere. 
Innumerable luna r  s u r f a c e  composition models and atmosphere-producing 
processes  have been formulated and wi th  each, i t s  own unique atmosphere. 
The no tab le  theo r i e s  are  discussed i n  the fol lowing paragraphs.  

pri_mi t i v e  Atmosphere 

The ex i s t ence  of remnants of an  a n c i e n t  l una r  atmosphere com- 
posing p a r t  of t he  p re sen t  l una r  atmosphere seems unl ike ly .  

The o r i g i n  of t he  moon and the  e a r t h  is unknown, b u t  i t  is 
probable  t h a t  they were formed under similar condi t ions .  It fol lows 
t h a t  the  formation of l una r  and t e r r e s t r i a l  atmospheres a l s o  would be  
similar. There are two major ca tegor ies  under which hypotheses con- 
cern ing  the o r i g i n  of t he  present  t e r r e s t r i a l  atmospheres can be grouped. 
One of t hese  is t h a t  t he  atmosphere is  a r e s i d u a l  of a n  o r i g i n a l  atmosphere 
p re sen t  when the moon was i n  a molten s t a t e ,  and the  o the r  is  t h a t  the  
atmosphere w a s  developed by leakage from within.  

5 



Two models have been proposed f o r  the p r imi t ive  atmosphere: one 
composed of CH4 and NH3 and the o ther  of C 0 2  and N2. A s  noted by Rubey 
[ll], t he  q u a n t i t i e s  of excess v o l a t i l e s  i n  the  e a r t h ' s  atmosphere and 
hydrosphere, and the equi l ibr ium cons tan ts  f o r  r e a c t i o n s  of CH4 and NH3 
and NH3 and o ther  gases  i n d i c a t e  t h a t  C 0 2  and N2 were more l i k e l y  t o  have 
composed the p r imi t ive  atmosphere. However, chemical e f f e c t s  t h a t  would 
have been produced by a dense C02  and N2 atmosphere have no t  been d i s -  
covered by geologic  inves t iga t ions .  Because of t h i s ,  Rubey concluded 
t h a t  the accumulation of gases  by the  gradual  escape of water vapor,  C 0 2 ,  
COY N2 and o the r  v o l a t i l e s  during geologic  times seems a more l i k e l y  
explanat ion of the  e a r t h ' s  atmosphere. It is probable t h a t  t h i s  is a l s o  
t r u e  f o r  the moon. 

Even i f  the concept of a p r imi t ive  atmosphere of CH4 and "3, 
or  C02 and N2 is  accepted,  the  moon wi th  i t s  low escape v e l o c i t y  and 
a c t i v e  escape mechanisms, thus i t s  high loss r a t e ,  probably could not  
have held the atmosphere f o r  t h i s  period of time. 

B. Solar Wind 

The bombardment of the  lunar  su r face  by s o l a r  wind protons w a s  
suggested by Gold [12] as a source of hydrogen. 
recognized the  s o l a r  wind as a source of n e u t r a l  hydrogen and helium. 
They assumed t h a t  every p o s i t i v e l y  charged s o l a r  wind p a r t i c l e  which 
impinges the lunar  su r face  is  confined and then re-emit ted as a n e u t r a l  
atom. Herring and L ich t  [ 1 4 ]  ca lcu la t ed  the  d e n s i t y  of monatomic hydrogen 
based on a proton f l u x  of l o l o  cm-2sec-1 t o  be 3.9 x l o 4  atoms ~ m - ~ .  
Opik [l] genera l ly  agrees  wi th  Herring and L ich t ,  except  f o r  concluding 
t h a t  H2, r a the r  than H, would be p re sen t  and f o r  a s l i g h t  d i f f e r e n c e  i n  
ca lcu la ted  d e n s i t i e s .  
p a r t i c l e s  cm-3. 

Hinton and Taeusch [13] 

Opik der ived a p a r t i c l e  d e n s i t y  of 1.2 x l o 4  

The p o s s i b i l i t y  t h a t  t he  s o l a r  wind conta ins  heavier  elements 
was  s tud ied  by Nakada and Mihalov ( c i t e d  i n  Ref. 15). Considering the  
s o l a r  wind proton s c a t t e r i n g  loss  mechanism and e l e c t r o s t a t i c  loss  
mechanism, they concluded a lunar  model atmosphere would con ta in  oxygen, 
n i t rogen ,  neon, and argon. 

That most of the es t imates  concerning t h e  s o l a r  wind as a source  

Moreover, 
have been based on a maximal a c c r e t i o n  r a t e  was pointed ou t  by Michel [16]. 
Using a d i f f e r e n t  s o l a r  wind model he ca l cu la t ed  S = 40 g-sec.  
he determined t h a t  the source s t r e n g t h  due t o  the  heavy ion  components 
would be S ~ 0 . 4  g-sec.  

However, he concluded t h a t  t he  solar wind is  not  a major cont r ibu-  
t i o n  t o  the lunar  atmosphere i n  the normal sense  because ionized hydrogen 
and helium, which a r e  the  major c o n s t i t u e n t s  of t he  s o l a r  wind, a r e  weakly 
bound t o  the lunar  su r face .  
t i ons  from other  sources  were much lower than  have been es t imated .  

He q u a l i f i e d  t h i s  conclus ion  only if cont r ibu-  

I 
I 
I 

I 
I 

I 
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TABLE 2 

SURFACE DENSITIES OF GASES ACCRETED FROM THE SOLAR WIND 
(Bernstein,  Fredr icks ,  Vogl, and Fowler, The Lunar Atmosphere 

and The Solar  Wind, I ca rus ,  Volume 2, p. 240, 1963) 

MODEL 

Abundance per  
hydrogen 

Thermal Escape 
Alone* 

So'lar WCnd 
Sca t te r ing"  

To ta l  Escape 
of Ions* 

Ne 

5 1 0 - ~  

3 107 

1.5 x l o 6  

105 

A3 

8 x 

2 x 1 0 l 2  

5 104 

103 

K r  

&-I. 

2 1011'"' 

1 o2 

0.5 

N 
~ 

1 0 - ~  

5 104 

5 io4  

1 o4 

* 
*YC 

NV = i o9  protons cm-2sec-1 
Limited by age of moon, assumed 4 x lo9  years  

TABLE 3 

I O N  DENSITIES AT LUNAR SURFACE FOR VARIOUS MODELS 
(Bernstein,  Fredr icks ,  Vogl, and Fowler, The Lunar Atmosphere 

and The Solar  Wind, Icarus, Volume 2 ,  p. 240, 1963) 

MODEL 

Thermal Escape 
Alone" 

So la r  Wind 
s c a t t e r i n g "  

So 1 ar Wind 
S c a t t e r  ing"" 

Total Escape 
of Ions** 

Total Escape 
of Ions** 

N e  

i o 4  

6 x l o2  

6 x lo3 

40 

4 x l o2  

* 40 n 

8 x lo9  

1.5 x l o2  

1.5 x lo2 

1.5 

1.5 

*NV = io9  protons cm- sec-' 
**NV = 10'" protons cm-2'sec-1 

io9  

30 

3 x 102 

0.6 

6 

5 x l oE  

0 . 3  

1 

10-3 

N 
- 
25 

25 

103 

5 

50 

H 

10 

10 

1 o3 

10 

1 o3 

H 

-- 

3 io3 

3 x lo3 

3 io3  

lo1" 

9 x l o 2  

8 x lo3 

56 

1 o3 
L 
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Berns te in  e t  a l .  [151 ca l cu la t ed  lunar  atmosphere models f o r  
var ious  s o l a r  wind regimes. These a r e  shown i n  Tables 2 and 3 .  

E 1 emen t 

Uranium 

Thorium 

Po tas s ium 

C. 

Maria (Basalt) Highlands (Rhyo l i t i c )  Chondr i t ic  

100 ppm 

3 PPm 20 PPm 200 ppm 

5,000 ppm 40,000 ppm 850 ppm 

0.5 pprn 4 PPm 

Decay Products from Radioact ive Elements 

The decay of r a d i o a c t i v e  elements would be a source of argon, 
krypton,  radon, thoron, and xenon. The amount and v a r i e t y  of gas  would 
vary wi th  the composition of the  luna r  sur face .  
produced by t h e  spontaneous f i s s i o n  of U238 and t h e  decay of 112', while  
the  decay of K40 produces argon. 
would produce radon, while  thorium would y i e l d  thoron. 

Krypton and xenon a r e  

Uranium, through the  decay of radium, 

In consider ing decay products from r a d i o a c t i v e  elements as a 
lunar  atmosphere source,  Green [2]  considered th ree  models of f i s s u r e d  
su r face  mater ia l .  These a r e  t h a t  (1) the  maria c o n s i s t  of b a s a l t ,  (2)  
the  highlands c o n s i s t  of r h y o l i t i c  m a t e r i a l ,  and (3) t he  lunar  s u r f a c e  
i s  composed of chondr i t i c  m a t e r i a l s .  Table 4 shows the  poss ib l e  
q u a n t i t i e s  of uranium, thorium, and potassium present  i n  the  d i f f e r e n t  
models as stated by Green. 

TABLE 4 

CONTENTS OF THE FISSURED SURFACE MATERIALS MODELS 

I I I 1 

From Table 
the  major source of an atmosphere der ived from the  decay of r a d i o a c t i v e  
elements. 
4.0 x 
lunar  sur face .  To a r r i v e  a t  t h i s  f i g u r e ,  i t  was  necessary  t o  assume 
t h a t :  

4 i t  can e a s i l y  be seen  t h a t  potassium would be 

Vestine E171 ca l cu la t ed  t h a t  over a per iod  of 3 x 10' 
molecules would be produced per  square cent imeter  of t he  

yea r s ,  

(1)  Potassium composes 0 . 1 2  percen t  by weight of t he  moon. 

(2) Potassium 40 makes up 0.011 pe rcen t  of t he  t o t a l  
potassium content .  

(3)  Each gram of K40 produces 0.1 grams of A r .  

8 
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Addit ional  ca l cu la t ions  by Hinton and Taeusch [13] s e t  t he  
source s t r e n g t h  of argon a t  the sur face  on 1.9 x l o 5  atoms per cm2sec. 

Because of the  r e l a t i v e l y  s h o r t  h a l f - l i f e 6  of 112', U238, and 
thorium, t h e i r  importance as present  sources  of a lunar  atmosphere is 
n e g l i g i b l e .  However, i n  the  p a s t ,  they probably cont r ibu ted  krypton,  
xenon, radon, and thoron t o  e a r l i e r  lunar  atmospheres. Bernstein e t  a l .  
[15] ca l cu la t ed  t h a t  the  decay of  11" s i n c e  the  c r e a t i o n  of the  moon 
would y i e l d  i n  s u r f a c e  d e n s i t i e s  l o l o  xenon atoms per  cm'3 i f  l o s s  
mechanisms were neglected.  

D. Outgassing and Meteor i t ic  V o l a t i l i z a t i o n  

Outgassing as used he re  r e f e r s  t o  t h e  r e l e a s i n g  of occluded 
gases  from the  lunar  sur face .  During the  e a r l y  h i s t o r y  of the  moon, 
outgassing w a s  probably a major cont r ibu tor  t o  the  lunar  atmosphere. 
The p resen t  r a t e  of outgassing i s  assumed t o  be low except where f r e s h  
material has been exposed by meteor i tes ,  l a n d s l i d e s ,  e x f o l i a t i o n  of 
rocks ,  and o the r  phenomena. 

In  consider ing outgassing of t he  lunar  su r face  as a n  atmosphere 
source ,  Opik [l] est imated a source s t r e n g t h  of < 6 x l o 4  C02 molecules 
per  cm2sec. 
less than one-thousandth of the ea r th ' s .  In  determining the source 
s t r e n g t h  f o r  t he  e a r t h ,  i t  was estimated t h a t  an average of 1 km3 of 
igneous rock is  outgassed annual ly  and t h a t  t h e  gas proport ions were 
the  same as f o r  meteor i tes .  

This was  based on the deduct ion t h a t  the  lunar  a c t i v i t y  was 

The use of exposed t e r r e s t r i a l  igneous rock wi th  the  gas  pro- 
po r t ions  of me teo r i t e s  seems incons i s t en t .  A more l o g i c a l  approach, even 
though t h e r e  is  the  ques t ion  of atmospheric contamination, would be t o  
consider  t he  gas  proport ions of a number of reasonable  models such as 
LYzczltFc, r h y n l i t i c ,  chondr i t i c ,  e t c . ,  o r  combinations of these.  Even 
w i t h  t h i s  approach, however , the  chances or obcainirlg di~.iii-;ltc -:21:es 
a r e  extremely low. Shepherd [18], i n  h i s  work on magmatic gases ,  pointed 
o u t  t h a t  the  d i s t r i b u t i o n  of v o l a t i l e s  i n  rocks and lavas  i s  l a r g e l y  
f o r t u i t o u s .  Table 5, compiled from Shepherd's d a t a  concerning gases  
from rocks i n  vacuo, shows the  abundance of gas v a r i e t i e s  f o r  a number 
of rock types.  

Sytinskaya ( c i t e d  i n  Ref. 19) has theorized m e t e o r i t i c  impact 
as a source of xenon and krypton. She c a l c u l a t e s  an  atmosphere composed 
of 95 percent  xenon and 5 percent krypton wi th  a dens i ty  of about  
atmospheres. The p a s t  and present mass rates of meteor i tes  s t r i k i n g  the  
s u r f a c e  are unknown. Because of t he  l ack  of knowledge i n  the a r e a s  of 
lunar  geology and lunar  environment, accu ra t e  values  f o r  the p a s t  and 
p resen t  r a t e s  of outgassing a r e  impossible t o  c a l c u l a t e .  
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TABLE 5 

B a s a l t i c  
Lavas 

9.079 

1.575 

1.997 

2.4.4 

0.012 

1.084 

0.572 

4.928 

78 .275  

COMPOSITION AND PERCENTAGE OF GASES FROM SELECTED IGNEOUS ROCKS 

+ 

Plu ton ic  
Rocks 

6.436 

0.616 

7.190 

1 . 1 7 1  

0.009 

1.186 

0.286 

1.220 

81.831 

- 

-. 

(Rhyol i t ic )  Lavas 

0.666 1 6.557 

0.143 0.972 

0.581 0.413 

1.593 I 0.985 

Trace I 0.007 

0.070 1.028 

1.427 1.905 

92.327 I 86.348 

E. Volcanism 

Estimates of source s t r e n g t h s  of poss ib l e  gas v a r i e t i e s  from 
vo lcan ic  sources are extremely specu la t ive .  
source  i n  the p a s t  can be assumed with a degree of confidence.  
f e a t u r e s  appear t o  be ev ident  over l a r g e  a r e a s  of the  lunar  sur face .  
However, volcanism as a modern lunar  atmosphere source has no t  been 
e s t ab l i shed .  
of observat ions have ind ica ted  t h a t  volcanism may s t i l l  be cont inuing on 
the  luna r  sur face ,  bu t  v e r i f i c a t i o n  of t hese  phenomena as s o l e l y  volcanic 
has been unsuccessful.  A complete summary of observa t ions  w a s  compiled 
by G r e e n  [20]. Table 6 l i s ts  some of the  more i n t e r e s t i n g  phenomena 
observed. 

That volcanism has been a 
Volcanic 

Over the p a s t  one hundred and t h i r t y  years  a l a r g e  number 
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Linne Mor p hol  og i ca 1 change 

TABLE 6 

OBSERVATIONS OF POSSIBLE LUNAR VOLCANIC ACTIVITY 

~~ 

NATURE OF CHANGE OBSERVER ( S )  LUNAR 
FEATURE 

DATE OF 
OB S E RVAT I O N  

A r  is  tar  chus 
( including 
Cobrahead) 

Reddish orange co lor  
change wi th  "sparkle" 
i n  some a r e a s  

G r  eenacr e 
E. Barr 
F. Dugan 
J. H a l l  
D. Jacobs 

Reddish patch c lose  t o  
c e n t r a l  mountain A 1  phons u s  19 Nov. 1958 

19 Dec. 1958 
H. Wilkins 

A 1  p hons u s  Diffuse cloud over 
c e n t r a l  mountain 

F. Poppendiek 
W. Bond 18 Nov. 1958 

3 Nov. 1958 r ~ 

N. Kozyrev Alphonsus Reddish glow followed 
by e f f l u x  of gas 

i n  in f r a red  versus  
u l t r a - v i o l e t  photo- 
graphs 

A 1  phons us D. Alter 26 O c t .  1956 

ca.  1955 r H. Wilkins 
P. Moore 

Agarum 
Promontory 

M i s  t-1 ike  appearance 

D. Barcrof t  11933-53 Frequent m i s t s  w i th in  
c r a t e r  Timochar is 

I 
P l a t o  I Obscuration of f l o o r  T. Cragg 

P. Moore 

4 Apr .  1952 

20 Aug. 1951 

17 May 1951 

B r i l l i a n t  white  pa tch  
wi th in  c r a t e r  Picker  ing 

H. Wilkins Bright  speck of s h o r t  
dura t ion  Gas s end i 

F. Thornton 
~ 

Bright  f l a s h  8 Aug. 1948 L Ear t h l i t  
po r t ion  of A. Woodward 
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1939 and 31 
hug. 1944 Schickard 

26 Oct. 1937 Alphonsus 

10 Feb. 1919 Schro ter ’s  
Valley 
Cobrahead 

W. H. P icker ing  

A. S. W i l l i a m s  

W.  R. B i r t  

T. G. Egler  

J. Schmidt 

4 

1840-1843, 
Oct . -Nov. 
1866 & 1867 

Linne 

TABLE 6 (Continued) 

DATE OF LUNAR 
OBSERVATION FEATURE 

OBSERVER (S NATURE OF CHANGE 

Bright  f l a s h  on f l o o r  
near west w a l l  F. Thornton 

~~ 

Dense fog i n  1939, m i s t  
on f l o o r  i n  1944 

P. Moore and 
H. P. Wilkins 

H. P. Wilkins 1 Copern icus  Fa in t  glow l a s t i n g  
15 minutes 

Milky f l o o r  of Alphonsus 
as we l l  as of Ptolemageus 
and Herschel 

Pronounced vapor column 

D. Alter 

F. H. Thornton 

Spreading apron of whi te  
m a t e r i a l  on n o r t h  
i n t e r i o r  s l o p e  

E immar t Jan-May 
1914 

W. H. P icker ing  

Variable  s p o t s  ca. 1905 Apennine 
Mountains 

W. H. P icker ing  

Nearby white  cloud M. Charbonneux 

T. G. E lger ,  
H. 3. K l e i  and 
R. Hodge 

Thae t e tus  

1869-97 
P l a t o  

2 Oct. 1904 

Schro ter ’s  
Valley 
Cobrahead 

~~ ~~ 

Tota l  o r  pa r t i a l  obscura 
t i o n  of f l o o r  

~~~~~ ~ 

Puff of w h i t i s h  vapor 
obscuring d e t a i l s  

~ 

Milky appearance of 
f l o o r ;  one hour d u r a t i o n  27 Mar. 1882 I P l a t o  

1870-80 1 Tycho Mis t iness  

Vi s ib l e  changes i n  
appearance over s e v e r a l  
decades 

Disappearance of crater 
i n  1866 

1869-71 P l a t o  
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This apparent  lack  of vo lcanic  a c t i v i t y  has been pointed out  by 
some a u t h o r i t i e s  as evidence t h a t  lunar volcanism has become e x t i n c t .  
This may not  be the  case i f  the  moon's vo lcan ic  h i s t o r y  is s imi la r  t o  
the  e a r t h ' s .  Throughout geologic  t i m e  t he  e a r t h  has cycled between 
q u i e t  and a c t i v e  volcanic  per iods .  The p o s s i b i l i t y  t h a t  t he  moon i s  i n  
a q u i e t  per iod  may expla in  t h i s  apparent l a c k  of vo lcanic  a c t i v i t y .  
There i s  a l s o  the  p o s s i b i l i t y  t h a t  many vo lcan ic  emissions may go 
undetected.  

To determine a model f o r  lunar  volcanism, it is n a t u r a l  t h a t  
many au thors  have turned t o  the e a r t h  as an analogue. 
a r i s e ,  however, when one considers  t h a t  the  cause and mechanism of t e r -  
r e s t r i a l  vo lcanic  e rupt ions ,  and the reasons f o r  the  v a r i a t i o n s  i n  t e r -  
r e s  t r ia l  vo lcan ic  ma te r i a l ,  have not  been f u l l y  answered. 

D i f f i c u l t i e s  

Because of work by Shepherd [18] ,  Jaggar [25] ,  and Naughtor and 
Terada [26] concerning the composition of Hawaiian magmatic gases ,  Eaton 
and Murata [21] were a b l e  t o  e s t a b l i s h  a t y p i c a l  composition. A t y p i c a l  
composition i n  volume percent  i s  l i s t e d  as follows: H20, 79.31; C02,  

A,  0.04. However, these  va lues  may vary  over a wide range f o r  i nd iv idua l  
samples ,  and the  amount of N2 and the  degree of ox ida t ion  p resen t  may be 
t h e  r e s u l t  of atmospheric contamination. 
vo lcan ic  products  is shown i n  Sect ion I V .  

11.61; SO,, 6.48; N 2 ,  1.29; H2,  0.58; COY 0.37; S2, 0.24; C L 2 ,  0.05; 

A more d e t a i l e d  l i s t i n g  of 

Inves t iga t ions  of gas emanations from thermal sp r ings  i n  Lassen 
and Yellowstone Nat ional  Parks have ind ica t ed  an  abundance of helium, 
neon, argon, krypton,  and xenon. Using the  i so tope  d i l u t i o n  procedure,  
Mazor and Wasserburg [22] concluded from t h e i r  s tudy  t h a t  argon, neon; 
krypton,  and xenon o r ig ina t ed  from the  atmosphere through d i s s o l u t i o n  i n  
ground water. 
helium from r a d i o a c t i v e  decay. 

They cont r ibu ted  the excess abundance of helium t o  juven i l e  

From the  knowledge acquired from inves t iga t ions  of m a g ~ ~ ~ k  
gases  by vo lcano log i s t s ,  it can be assumed t h a t  the major c o n s t i t u e n t s  
of lunar  vo lcan ic  emissions have been H20,  CO,, and SO2. 

F. Miscellaneous Sources 

A number of poss ib l e  lunar atmosphere sources  which have been 
poin ted  ou t  over the  l a s t  few years a r e  considered by most a u t h o r i t i e s  
t o  be of minor importance; however, i t  is  f e l t  t h a t  they should be 
mentioned. 
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It has been proposed t h a t  permafrost  may e x i s t  on the  moon and 
I may be a source of water vapor. However, because of t he  low temperatures 

a t  shallow depths below the  lunar  su r face ,  only small amounts of water 
vapor would evaporate and escape; t hus , con t r ibu t ion  t o  the  atmosphere 
would be negl ig ib le .  

Because por t ions  of t he  lunar  su r face  a r e  always shaded, t he re  
a l s o  e x i s t s  t he  p o s s i b i l i t y  t h a t  i c e  may be trapped i n  these  a r e a s .  
Hinton and Taeusch [13] es t imated t h a t  t he  permanently shaded a r e a  of 
the  lunar  sur face  is  about 0.005 of t he  t o t a l  a r ea .  With such a small 
source a rea  a v a i l a b l e ,  t he  amount of gas re leased  i n t o  the  atmosphere 
would be ins ign i f  i can t .  

~ 

a r e  presented below. 

Gravi ta t ion  condensation of i n t e r p l a n e t a r y  gas may be a n  
important source,  bu t  accu ra t e  eva lua t ion  m u s t  w a i t  u n t i l  t he  p rope r t i e s  
of the  s o l a r  corpuscular streams and i n t e r p l a n e t a r y  gas a r e  b e t t e r  known. 

IV.  ESCAPE MECHANISMS 

Before a lunar  atmospheric model can be determined, i t  i s  necessary 
t o  a t tempt  t o  e s t a b l i s h  the  escape mechanisms a t  work on the  moon. Some 
poss ib l e  escape mechanisms a r e  discussed i n  the  fol lowing paragraphs.  

A .  Thermal Escape 

Thermal escape r e f e r s  t o  the  loss t h a t  occurs when molecules 
reach a v e l o c i t y  g r e a t e r  than the  escape v e l o c i t y  of t he  moon. The 
temperature and molecular weight of a gas a r e  the  governing f a c t o r s  
a f f e c t i n g  i t s  molecular v e l o c i t i e s .  Green [20] has determined the  
sequence of escape of var ious  subliming vapors and gaseous products  a t  
a temperature of 400'K represent ing  lunar  subsolar  temperature and a t  
the  temperature of molten lava  of 1400°K. 
determined the p robab i l i t y  of escape of var ious  volcanic  gases .  
r e s u l t s  of h i s  work a r e  presented i n  Table 7 and Figure 1. 

I n  a d d i t i o n ,  he a l s o  has 
The 

To determine the  l i f e t i m e s  of p a r t i c l e s  of va r ious  gases ,  
Sp i t ze r  (c i ted  i n  Ref. 23) determined the  l i f e t i m e  of p a r t i c l e s  of gases  
assuming an isothermal atmosphere. The l i f e t i m e s  of some of t he  gases  
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GASES LIFETIME - 
H2 1600 s e c  

02 1.4 years  

Xe i041  years  

K r  years  

A l o8  years  

Ne 42 years  

N 0.4 years  

The long l i f e t i m e s  as determined f o r  Xe and K r  show t h a t  the  
r e l a t i v e l y  small g r a v i t a t i o n a l  p o t e n t i a l  of the moon can cause the  heavy 
gases  t o  remain on the  moon f o r  considerable  lengths  of time, i .e . ,  g r e a t e r  
than the  est imated age of the  moon (4 x l o 9  yea r s )  based on meteoroid f r e -  
quency and lunar  c r a t e r  count frequency da ta .  

B. So lar  Wind S c a t t e r i n g  

The l o s s  of atmosphere cons t i t uen t s  due t o  s o l a r  wind s c a t t e r i n g  
is  a n  important l o s s  mechanism not  only f o r  t he  l i g h t  gases ,  bu t  a l s o  f o r  
the  heavy gases  i n  a s t rong  s o l a r  wind regime. 

Atoms escape from the atmosphere when the  atom, as the  r e s u l t  of 
a c o l l i s i o n  wi th  a s o l a r  wind proton, a t t a i n s  a v e l o c i t y  i n  excess of t he  
luna r  escape v e l o c i t y .  Because of t he  extremely t h i n  atmosphere, the  
p r u L a L i l I t > -  zf x z 1 1 l 3 t i 1 7 p  c o l l i s i o n s  i s  small; t he re fo re ,  the atom is con- 
s ide red  t o  escape i n t o  space or  to  impact on the  lunar  sur face .  

The loss  of hydrogen and o the r  l i g h t  atoms was pointed out  by 
Herring and Licht  [14]. La ter ,  Bernstein e t  a l .  [15] and Hinton and 
Taeusch 1241 considered the e f f e c t s  of t he  s o l a r  wind on var ious  heavy 
gases  . 

Using va r ious  s o l a r  wind v e l o c i t i e s  and f luxes ,  Bernstein e t  a l .  
[15] ca l cu la t ed  the  l i f e t i m e s  of xenon. 
sec'l and wind v e l o c i t y  of 5 x l o 7  cm s e c - l ,  they computed the  l i f e t i m e  
of xenon t o  be 30 years .  Using the same f l u x  r a t e  b u t  w i t h  a wind v e l o c i t y  
of 2 x lo8  cm sec' l ,  t he  l i f e t i m e  of xenon was reduced t o  one year.  Hinton 
and Taeusch [24] considered the  so l a r  wind t o  be the  most important removal 
mechanism when the  s o l a r  f l u x  is  g r e a t e r  than 10l1 cm'2sec'1. 
t h e s e  conclus ions ,  t h e  lunar  magnetic f i e l d  was considered too weak t o  be 
an  e f f e c t i v e  inf luence .  

Using a proton f l u x  of lo9  cmm2 

I n  reaching 
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It can be seen from the  preceding d i scuss ion  t h a t  
t i o n  and dens i ty  of the  lunar  atmosphere a r e  ex tens ive ly  inf luenced by 
the  c h a r a c t e r i s t i c s  of the  s o l a r  wind. Therefore ,  t he  c h a r a c t e r i s t i c s  
of the lunar atmosphere can be expected t o  vary  wi th  v a r i a t i o n  i n  s o l a r  
a c t i v i t y  . 

t h e  composi- 

C.  Ion ic  Escape 

Ionic  escape is  considered by Opik [ l ]  t o  be the  most e f f i c i e n t  
escape mechanism. Ions escape when the atmosphere acqui res  a s m a l l  posi-  
t i v e  p o t e n t i a l  through the  e j e c t i o n  of photo-electrons i n t o  space.  The 
g r a v i t y  of t he  ions is  neu t r a l i zed  and the  ions escape i n t o  space.  

Hinton and Taeusch [24] considered t h e  r a t e s  of photo ioniza t ions  
of argon and neon and the  r a t i o  of photo ioniza t ion  and photodissoc ia t ion  
of water vapor under th ree  s o l a r  wind regimes and concluded t h a t  wi th  a 
weak s o l a r  f l u x  (3 = 107/cm2sec t o  109/cm2sec) s o l a r  u l t r a v i o l e t  r a d i a t i o n  
would be the most important escape mechanism. 

Because of the  ion iz ing  e f f e c t s  of s o l a r  u l t r a v i o l e t  r a d i a t i o n ,  
Opik and Singer [23] ,  consider ing both a t h i c k  and extremely t h i n  atmos- 
phere ( thickness  l e s s  than the  f r e e  l eng th  of pa th ) ,  concluded t h a t  the  
heavy gases  such as krypton and xenon would escape the  moon. They deduced 
the  escape r a t e s  of ions and, using a lunar  atmosphere composed of a l l  the  
krypton and xenon t h a t  had evolved from the moon s i n c e  i ts* c r e a t i o n ,  they 
est imated t h a t  krypton and xenon ions would have a l i f e t i m e  of approxi-  
mately 800 and 50 years  , r e spec t ive ly .  Through a t h e o r e t i c a l  t rea tment  of 
t he  problem, Opik and Singer deduced t h a t  t he  moon would have a p o t e n t i a l  
of approximately +120 v o l t s  because of s o l a r  u l t r a v i o l e t  r a d i a t i o n .  
a n  e l e c t r o s t a t i c  f i e l d  would e x i s t  near t he  moon. Based on t h i s  considera-  
t i o n ,  krypton and xenon ions would have a l i f e t i m e  of approximately 1,000 
yea r s .  

Thus, 

Bernstein e t  a l .  [15] ,  using a higher  e l e c t r o n  temperature than 
used by Upik and Singer (275,000"K i n  l i e u  of 400°K), concluded t h a t  the  
lunar  sur face  i n  the  presence of the  s o l a r  wind would not  remain p o s i t i v e l y  
charged. 

The e f f e c t  of t h i s  escape mechanism on the  luna r  atmosphere cannot 
be d e f i n i t e l y  e s t ab l i shed  a t  t h i s  time because of unknowns a s soc ia t ed  wi th  
the  problem. However, the r e s u l t s  of ,  t h e o r e t i c a l  s t u d i e s  i n d i c a t e  t h e  
need f o r  add i t iona l  research  i n  t h i s  a r ea .  

16 



TABLE 7 
THERMAL VELOCITIES OF VOLCANIC EMANATIONS AND SUBLIME VAPORS 

(Green, North American Aviat ion,  S&ID 64-1340, p. 46, 1964) 
AT SUBSOLAR AND MOLTEN LAVA TEMPERATURES 

Volcanic 
Product 

Hg2 c12 

H g C 1 2  
PbC12 

Rn 
Ne 

FeC13 
Xe 
Se02 
Kr 
so3 
Se 
As 
c12 
so2 
B (OH) 3 
N a C l  
"4C1 
co2 
A r  
HC 1 
H2S 
S 
02 
N 2  
HF 
H 2 0  
"3 

AS203 

He 
H 

Average 
Therm 1 

(km 
Subsolar 
T = 400°K 

0.13 

0.17 
0.18 
0.20 
0.20 
0.21 
0.23 
0.25 
0.28 
0.32 
0.33 
0.33 
0.34 
0.35 
0.36 
0.37 
0.38 
0.40 
0.44 
0,. 46 
0.48 
0.50 
0.51 
0.51 
0.55 
0.64 
0.69 
0.71 
1.45 
2.05 

e l o c i t y  (V,) - 
see) 

Molten Lava 
T = 1400°K 

0.25 

0.33 
0.33 
0.37 
0.38 
0.39 
0.43 
0.48 
0.52 
0.59 
0.61 
0.61 
0.63 
0.64 
0.68 
0.69 
0.71 
0.74 
0.82 
0.86 
G . X  
0.93 
0.96 
0.96 
1.03 
1 . 2 2  
1.28 
1.32 
2.72 
3.83 

Root-Mean-Square 
Veloci 

(km 
Subsolar 
T = 400°K 

0.15 

0.19 
0.19 
0.21 
0.22 
0.22 
0.25 
0.28 
0.30 
0.35 
0.35 
0.36 
0.36 
0.38 
0.39 
0.40 
0.41 
0.42 
0.48 
0.50 

0.54 
0.56 
0.56 
0.60 
0.71 
0.74 
0.77 
1.58 
2.22 

n, 52 

T &I 
5 ec)  

Molten Lavd 
T = 1400°K 

0.27 

0.35 
0.36 
0.40 
0.42 
0.42 
0.46 
0.52 
0.56 
0.64 
0.66 
0.67 
0.68 
0.70 
0.74 
0.75 
0.77 
0.79 
0.89 
0.93 
0.98 
1.01 
1.04 
1.04 
1 .12  
1.32 
1.39 
1.43 
2.95 
4.16 
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V. DEVELOPMENTS OF THE LUNAR ATMOSPHERIC MODEL 

I n  the  previous sec t ions  w e  have discussed the  var ious  sources  which 

For engineer ing purposes a lunar  atmospheric model must be 
most i n v e s t i g a t o r s  consider  t o  have produced the  lunar  atmosphere i n  i t s  
p re sen t  form. 
developed which can r ep resen t  t h e  expected lunar  atmosphere i n  which 
var ious  s c i e n t i f i c  equipment w i l l  be expected t o  opera te .  Since the  
lunar  atmosphere i s  i n  such a con t inua l ly  changing s t a t e ,  a s y n t h e t i c  
model should be developed which hopeful ly  can be use fu l  t o  the des igner .  
The model as synthesized from t h i s  l i t e r a t u r e  survey is a combination of 
the  many proposed t h e o r e t i c a l  and experimental ly  developed models which 
have been discussed.  Our atmospheric model is as follows: 

Engineering Lunar Atmospheric Model (ELAM): 

A. Gas Pressure  

Maximum [6]  

Minimum [9]  

10'' times the t e r r e s t r i a l  mean 
sea  l e v e l  pressure  

times the  t e r r e s t r i a l  mean 
sea  l e v e l  pressure  

B. Gas Density 

Maximum [6]  1 o1 O p a r  t i c 1 e s / cm3 

Minimum [9]  l o 6  p a r t  i d e s /  cm3 

C. Composition of t h e  Atmosphere Near the  Lunar Surface Under 
Minimum Solar  A c t i v i t y  and a Lunar Surface Temperature of 
?nnoK 

Number of P a r t i c l e s  a t  Surface 
under Equi l ibr ium Conditions 

(1) Gases [131 (Par t i d e s  / cm3) 

H 

He 

H20 

A r  

K r  

Xe 

5.3 io3 
9.13 io3  
1.7 103 

5.4 104 

1.87 10-3 

1.7 x lo'* 
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(2) Charged Number of P a r t i c l e s  a t  Surface 
P a r t i c l e s  [13] under Equi l ibr ium Conditions 
(Const i tuents  ) (Particles/cm3) 

H+ 3.3 x loo  
H+t 5.9 x 

H20' 3.0 x 10' 

A r +  3.41 x lo-' 

(3) Other gases  such as Ne, C02, SO2, H2, COY S2,  and CL2 
a r e  a n t i c i p a t e d ;  however, t h e i r  abundance has not  been 
pos tu la ted  a t  the  present  time. 

The above atmospheric c o n s t i t u e n t s  a r e  based on the  minimum 
s o l a r  wind model as presented i n  Appendix A. 

Like a l l  s y n t h e t i c  atmospheric models, t h i s  model should be 
r ev i sed  on a cont inuing b a s i s .  
i s t i c  model is developed, t h i s  model w i l l  be  considered the  des ign  
c r i t e r i a  gu ide l ine  model. 

However, u n t i l  a b e t t e r  and more r e a l -  

V I .  CONCLUSIONS 

This r e p o r t  has attempted t o  review the  va r ious  luna r  atmospheric 
models and t o  p re sen t  an  atmospheric model f o r  use as des ign  c r i t e r i a .  

The c h a r a c t e r i s t i c s  of the  lunar  atmosphere depend on t h e  sources  
a v a i l a b l e ,  the production r a t e s  of the  sou rces ,  and t h e  escape r a t e s  of 
t he  atoms and ions of the  d i f f e r e n t  gases .  Because the  r e s u l t s  of 
o p t i c a l  and r ad io  observat ions i n d i c a t e  a very  tenuous atmosphere, i t  
i s  reasonable  t o  conclude that the  product ion rates and escape r a t e s  a r e  
i n  equi l ibr ium or  t h a t  escape r a t e s  a r e  dominant. Theore t i ca l  approaches 
i n d i c a t e  t h a t  escape r a t e s  a r e  dominant. Therefore ,  the luna r  atmosphere 
i s  considered t o  be t r a n s i t o r y  i n  na tu re  w i t h  a d e n s i t y  of less than 
t e r r e s t r i a l  but  probably g r e a t e r  than  the  d e n s i t y  of t h e  surrounding i n t e r -  
p l ane ta ry  medium. 

The composition of the  lunar  atmosphere is probably complex and w i l l  
vary  wi th  r e spec t  t o  time and l o c a t i o n  depending on v o l c a n i c ,  m e t e o r i t i c  
and s o l a r  a c t i v i t i e s .  The major c o n s t i t u e n t s  of  a t y p i c a l  l una r  atmos- 
phere a r e  probably H2, H20, A r ,  He, K r ,  and X e .  
c o n s t i t u e n t s  which l o c a l l y  may make up l a r g e  po r t ions  of t h e  atmosphere 
a r e  S02, N z ,  COY Sz, C02,  and N e .  

Minor a tmospheric  
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Even though some t r a c e s  of other gases  may be p re sen t ,  e s p e c i a l l y  
near vo lcan ic  emissions , t h e i r  e f f e c t  on the  c h a r a c t e r i s  t i c s  of the  
a tmos phere would be neg 1 i g  i b l e  . 

The lunar  atmosphere and i t s  cons t i t uen t s  w i l l  be d i f f i c u l t  t o  
determine; however, a d d i t i o n a l  work should cont inue t o  b e t t e r  de f ine  t h i s  
environmental parameter. 
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